Abstract: Cost-effective wind turbine diagnosis using SCADA data is a promising technology for future intelligent wind farm operation and management. This paper presents a thermophysics based method for wind turbine drivetrain fault diagnosis. A synthesized thermal model is formed by incorporating thermal mechanisms of the drivetrain into a wind turbine system model. Applications of the model are demonstrated in case studies of the gearbox and generator comparing simulation results and SCADA data analysis. The results show nonlinearity of the gearbox oil temperature rise with wind speed/output power that can effectively indicate gearbox efficiency degradation, which may be attributed to gear transmission problems such as gear teeth wear. Electrical generator faults, such as ventilation failure and winding voltage unbalance will cause changes to heat transfer and result in temperature changes that can be used for diagnosis purposes. This is shown by different patterns of stator winding temperature associated with power generation, while the simulation reveals the thermal mechanism. The method can be applied to diagnose some failure modes which are hard to identify from vibration analysis. The developed thermal model can play a central role for the purpose of fault diagnosis, by deriving relationships between various SCADA signals and revealing changes in the thermophysics of wind turbine operation.
Introduction
With the increasing size of wind turbines (WTs) and wind farm sites increasingly moving from onshore to offshore, wind turbine condition monitoring (CM) and fault diagnosis technology is attracting attention for its potential to reduce maintenance costs and improve WT availability [1, 2] . The European project CONMOW assessed the role of a condition monitoring system (CMS) for early fault identification so as to realize condition based maintenance for offshore wind farms [3] . Practical challenges and issues of the cost-effectiveness of CMS were summarized by studying a full list of available commercial CM systems [4] . Different maintenance strategies, CM technology and methodologies for WT operations have been reviewed [5] . A key challenge lies in the integration of low frequency SCADA data and high frequency CMS data towards a comprehensive turbine health monitoring system, [6] and [7] .
Conventional CM systems are based on high frequency vibration signal analysis for mechatronic system failure diagnosis. Although monitoring vibration signals is effective for detecting failure modes that have high frequency signal features, it may not be effective for low speed components, for example, the low speed shaft of a WT gearbox, which has low frequency signal content (the rotational speed of the WT gearbox input shaft is slow at generally less than 20 rpm for larger turbines). In addition, due to the variable-speed nature of modern wind turbine operation, there is challenge to using conventional spectral based methods for fault diagnosis. These features lead to very low and unstable characteristic frequencies of the rotating components, which can be easily affected by frequency components within the background noise.
Recent research focuses on using SCADA data for automatic fault diagnosis to devise cost-effective condition monitoring solutions, particular for those turbines that do not have an installed CMS, [8] and [9] .
Adaptive Neuro-Fuzzy Interference Systems have been proposed and tested for multiple failure modes, [10] and [11] . A Nonlinear State Estimation Technique, [12] , has been used for rotor vibration signal analysis and a linear regression model, [13] , has been used for generator temperature modelling to track signal deviation for fault detection. Statistical methods, for example Bayesian analysis, are also used to analyse SCADA alarms to identify different failures, for example [14] . Various fault detection approaches are compared for different sub-assemblies of a WT, which can be categorized into three main types: signal trending, artificial intelligence and physical models [15] . For a SCADA-based condition monitoring of WT, comparisons of the three methods has found that the physical model based approach was the most effective, detecting 24 out of 36 major component failures [15] . However, it requires considerable effort to establish the initial model and to identify model parameters. Effectiveness and accuracy of the fault detection algorithms for failure diagnosis are crucial. Although signal trending or artificial intelligence do not require a comprehensive system model they have a potential weakness in relation to fault explanation and identification, especially for unfamiliar faults. WT fault prognosis is a next level required, but also most challenging, in the development of advanced health monitoring, [16] and [17] . It depends strongly on understanding the root cause of WT failures. In this context the physics of WT failure approach is seen as important.
A theoretical cumulative damage model which correlates damage rate to the external environment as well as applied loads is developed to investigate the physics of failure of a WT gearbox [18] . Basic laws of physics are applied to the gearbox to develop an effective fault detection algorithm based on SCADA signals [7] . Although approaches used to study physics of WT failure and system response under failure circumstances are rare they provide an opportunity for fault diagnosis and CM. Research progress has been made on systematic building of a model to reflect the wind turbine's response to gearbox efficiency degradation, [19] . However, its effectiveness for fault diagnosis and WT powertrain condition monitoring
have not yet been validated since transmission efficiency is not a directly measurable signal. It is the purpose of this paper to present a thermophysics based system simulation to investigate WT powertrain fault features, which is then validated by comparing the model to measureable quantities extracted from SCADA data. Through a detailed analysis of WT system operational principles and fault features, different failure modes can be better understood. Furthermore, external environmental factors that may influence fault symptoms can be identified and excluded.
Firstly, the operational principles and control strategy that apply to a WT powertrain are briefly presented since these form the basis of the physical system model. A thermal model of a WT powertrain is then developed based on the thermophysics of the powertrain components including the gearbox, the lubrication system, and the electrical generator together with its ventilation and cooling system. Based on SCADA data acquired from a wind turbine with known drive train faults, features characterising different failure modes in the gearbox and generator are examined in some detail.
Wind Turbine System Model
A wind turbine configured with gearbox and Doubly-Fed Induction Generator (DFIG) is illustrated in Fig. 1 . Its main components are blades, rotor, pitch control system, gearbox, generator, converter, control system, yaw system, supporting tower etc. All these subsystems are controlled appropriately to facilitate reliable and efficient conversion of energy from the wind. Auxiliary functions within the wind turbine include the cooling, lubrication and protection systems.
Kinetic energy from the wind is extracted by the wind turbine rotor and transmitted via the gearbox to generator where it is converted into electricity [20] [21] [22] . The main sub-systems being considered in this WT model include the rotor aerodynamics, a simplified rigid powertrain model, a DFIG model and control strategy.
The steady state rotor aerodynamics can be represented, [20] and [23] , as follows: 
where C p is the aerodynamic efficiency of the rotor and is a function of tip speed ratio as defined in (2) and the pitch angle. Rotor torque is determined by mechanical power of rotor and its rotational speed.
For equations (1) to (3), is the air density (kg/m3), P is the power input to the WT (W), R is rotor radius (m), v is wind speed (m/s), r is rotor speed (rad/s), and T r is input WT torque (N.m).
Simplified rigid drivetrain dynamics are represented by equation (5):
Although simplified, the drivetrain model adopted allows degraded gearbox transmission efficiency to be taken into account. J r is rotational inertia of the wind turbine rotor (kg·m 2 ), J g is rotational inertia of the generator, (kg·m 2 ), T r is aerodynamic torque of the wind turbine (N·m); T g is mechanical torque of the high-speed shaft (N m), r is the rotor speed (rad/s), g is the generator speed (rad/s), n is the gear ratio and is the efficiency of the gearbox. Apart from gear ratio, type of gear and the viscosity of the lubricating oil, the efficiency of a gear transmission also depends on the power transmitted. For a planetary gear, approximately 50% of the power loss can be assumed to be constant whereas 50% varies linearly with the transmitted power. Therefore, the energy transmission efficiency of a gearbox is a function of the energy being transferred, [20] , and thus depends on the wind speed through equations (1) to (4). Since efficiency generally rises with an increase in transferred energy, WT gearbox efficiency is expected to rise with wind speed. A failing gearbox inevitably causes degradation of power transmission efficiency due to an increase of friction losses, churning losses or rolling losses. The increased energy loss will be ultimately dissipated as heat. This heat will flow from the lubrication oil through the gearbox housing via a mixture conduction, forced and natural convection, and radiation, assisted by the cooling system.
To simulate the dynamics of a DFIG, an equivalent circuit model, as shown in Fig. 2 , is established.
The transient and steady state performance of the DFIG is described by a set of voltage and flux vector equations on stator and rotor side respectively [24] , [25] . 5 The generator's electromagnetic torque is related to the stator and rotor currents as follows:
where n p is the number of pole pairs number, and L m is the mutual inductance between stator and rotor winding (mH). Subscript of the currents indicates whether it is the current of the stator or rotor and whether in the d or q frame (A).
For a WT operating below rated wind speed and power, a Maximum Power Point Tracking (MPPT) control strategy is realized by controlling electromagnetic torque of the generator. The resultant mechanical torque that is determined by aerodynamic torque and electromagnetic torque is determined that takes the machine's rotational speed to an optimal value in order to maintain an optimal tip-speed-ratio.
Stator flux oriented vector control is used for the DFIG to realize MPPT, [26] . The torque control of a DFIG is realized by controlling the currents of its rotor winding. At wind speeds above rated, the turbine maintains constant power output by pitch control.
Powertrain Thermophysics Model (1) Power Loss Mechanisms within the WT drivetrain
The energy flow transmitted through the drivetrain and power loss mechanisms within a WT are shown in Fig. 3 . The kinetic energy from the wind is converted into electricity with certain efficiency, where the transmission efficiency of the gearbox and the energy conversion efficiency of the generator are the main concerns of this paper. The lost energy is dissipated as heat. Active cooling systems are the main means for dissipating this heat, and include the oil lubrication system of the gearbox and the ventilation system of the generator. Hence, the thermal performance of these systems is essential to maintain acceptable temperatures and operational conditions. Deterioration of the drivetrain components will often be reflected in a reduced efficiency of energy transfer and thus in elevated temperatures. The losses in a WT system include mechanical losses associated with gearbox friction, and copper (or conduction) losses, iron losses and stray load losses associated with the generator [27] . Mechanical loss is the main loss mechanism within the gearbox. Copper loss is the primary loss of the generator windings while iron loss includes eddy current loss and hysteresis loss. These are the basic losses for a DFIG stator under normal operation. In addition the generator will have bearing and windage losses.
The power losses that have significant influence on gearbox performance include [28] and [29] :
·Load dependent losses -accounting for tooth friction losses due to sliding between gear teeth, and friction between rolling bearing elements.
·No-load dependent losses or churning power losses -viscous friction between all mechanical elements and the fluid where they are immersed.
In the model here, degradation of gearbox transmission efficiency is associated with the overall variation of the losses mentioned above, which reflects the total energy loss associated with the energy transmission. This paper considers that the magnitude of total power loss from a gearbox is determined by its overall transmission efficiency. Thermal equilibrium of the gearbox system is assumed so that power loss inside the gearbox housing is equal to the heat flow dissipated from gearbox.
A WT DFIG is essentially an induction generator. Iron loss is less than copper loss and is not affected by the load; therefore the iron loss is neglected in this study [30] .
(2) Gearbox Lubrication System and its Thermophysics The primary functions of the gearbox lubrication system is to reduce transmission power losses by decreasing friction between the drive gears and thus to improve gear transmission efficiency, and then to remove this heat, [31] . A schematic of a typical WT gearbox lubrication system is illustrated in Fig. 4 . It mainly consists of oil pump unit, heat exchange unit and oil filter unit. The oil pump unit includes motor, pump and filters. Pressure sensors are installed at both ends of the filters to monitor the status of the filters.
The parameter for the oil cooling system is the temperature that initiates cooling, which is 60 o C in this paper. However, for some gearbox system, -15 o C is the minimum allowable temperature and above this extra heating is triggered. The ambient temperature for the case studied here is 20 o C and the gearbox temperature is consistently above 20 o C, so that additional heating does not need to be modelled. Oil filters are used to filter impurities or metal particles within the lubrication oil in order to maintain oil quality and to prevent further wear of the gearbox mechanical components. A temperature sensor is installed in the oil sump to measure lubrication oil temperature.
Due to high conductivity within the gearbox, it can safely be assumed that it has a homogeneous temperature distribution (so that its surface temperature is uniform), and since the data and analysis here is for ten minute time intervals, thermal equilibrium is achieved and the energy flows are constant for each time period. The temperature of gearbox can then be determined by considering the heat generation and the steady state heat transfer affecting the gearbox. Heat from the gearbox is dissipated through three different mechanisms: heat conduction, heat convection and thermal radiation. According to StefanBoltzmann law, the calculated thermal radiation of the gearbox is about 60-100W which small enough to be neglected. Therefore, in this model, the following heat flows are modelled to calculate the equilibrium temperature of gearbox, [31] :
heat convection and conduction to the external environment from the gearbox, which is represented by P 1 ;
heat exchange by oil supplied via the oil cooling system, represented by P 2 ;
heat lost to the adjacent components by conduction through the coupling shaft, base and all internal components, represented by P 3 .
If the gearbox input power is P, its transmission efficiency is , the total heat loss P total which is the sum of P 1 , P 2 , P 3 can be expressed as follows:
) (
where G is the overall gearbox casing to ambient heat transfer coefficient, W/(m 2 ·K). For unhindered still air convection, it is in the range is 15 to 25 W/(m 2 ·K). A is the surface area of the gearbox casing, m 2 . Its length is set as 3225mm, height is 1000mm, and width is 1400mm in this paper, so the heat radiation area is 13.8 m 2 . In this paper, the nacelle is assumed to be well ventilated so the nacelle air temperature is equal to the ambient temperature. In this way the nacelle itself can be ignored (ie it places no thermal resistance in the heat loss path from the gearbox casing). T G is lubrication oil temperature, K.
T amb represents ambient temperature, K. c is the specific heat capacity of the cooling medium, J / (kg • K), which is generally taken to be 2000. is the density of oil, kg/m 3 , which is taken as 900. Q represents the flow rate of the cooling loop, which is assumed to be constant and estimated to be 1.05×10 -3 m 3 /s. T 0 is the temperature of the cooling medium of lubrication and cooling system, K, which is set as 50 o C. M is the mass, kg, of the gearbox and t is time, s. P 1 , P 2 and P 3 are coupled into wind turbine model in order to calculate lubrication oil temperature which essentially affected by ambient temperature (the external environment), cooling system operational situation and wind speed. P1, P2 and P3 are used only to calculate steady state lubrication oil temperature of different wind speeds by assuming that negligible thermal radiation from the surface of gearbox and regarding the nacelle as providing no thermal resistance between the gearbox and the external environment. The thermal analysis of a generator is a complex problem where a great number of thermal-exchange phenomena are involved. In fact, conduction, natural and forced convection and radiation are all present, which are affected by the machine's electrical performance and its specific ventilation system design (natural cooling, fan cooling etc.). A coupled thermal-electromagnetic analysis and lumped circuit parameter model is adopted here.
The copper loss of the stator winding is defined as [32] , [33] : 
where R s is the stator winding resistance, I rms is the effective value of the current in each phase. To consider the temperature effects to stator winding resistance, it is calculated as following:
where R' s is the initial resistance of stator winding and R s is its final value after temperature variation T temperature. is temperature coefficient of stator winding resistance. As already mentioned, for a high power induction generator, iron losses are less than copper loss which makes copper loss the main heat sources of a generator. In addition, as iron loss is normally not affected by loads it can be neglected when considering the variable speed operation of the turbine. Copper loss is the main sources of stator winding heating; the associated thermal mechanism can be represented by a lumped parameter thermal model as shown in Fig. 5 . This is used to predict generator temperature variation due to the way that the variable external wind speed determines power generation, and also to account for other environmental influences. P l (t) is the heat source which represents the power loss within the DFIG. R th is thermal resistance between the generator windings and the ventilation air (assumed to be at the ambient air temperature amb (t) and which allows for variations in environmental conditions in time), and C th is the thermal capacity of the stator. The thermal resistance R th is the result of summing parallel resistances representing thermal conduction, convection and radiation. With the equivalent thermal network model established above, the thermodynamics of the stator winding can be derived from: (14) where th =R th C th is derived from equation (13) and (14) . The simplified thermal model is essentially a low-pass filter with cut-off frequency of c =1/ th . The value of th represents how fast the temperature varies with the generator losses. The equations above are used to calculate the steady state temperature under given conditions.
Model Validation and Case Study
The 10-minute SCADA data used in this study is collected from a 1.5MW WT with a DFIG. The WT control system acquires real-time signals from sensors installed at specific locations within subassemblies, averages these over ten minutes, and then transmits these 10-minute averages to the wind farm database, including output power, wind speed, rotor rotational speed, main shaft rotational speed, gearbox lubrication system oil temperatures, generator stator winding temperature, ambient temperature [7] . The SCADA data are sensitive to machinery response to internal and external conditions. (1) Gearbox Case Study Gearbox efficiency essentially depends on the number of gear stages and to a lesser extent on the individual stage gear ratios, on the load (determined by the power input to the gearbox) as this affects frictional losses, and the speed as this affects frictional and churning losses. Therefore it is a parameter that varies with load [20] . But it is difficult to obtain the exact information of gearbox efficiency versus load curves. In this paper, the efficiency of gearbox nonlinearly increases with output power, from 66% at less than 10% of rated output power to 97.5% near rated power is assumed, which is similar to the curve presented in [20] . To model the degraded gearbox efficiency, the dotted line in Fig 6 is used which is based on an assumed 1 to 5% efficiency degradation depending on the output power. This assumption is actually further supported by agreement between this simulation result and results from the SCADA data.
SCADA data from a wind turbine with a known gearbox fault within a planetary gear stage is used.
The data are divided into three different time periods: 9 months, 6 months and 3 months before ultimate gearbox failure. Each dataset contains 3 months of data. The results are compared with the simulation modelling of a suitably degraded gearbox. As show in Fig. 7 , the solid and dotted lines are calculated power curves for the original and degraded gearbox respectively, and the scattered points are the binned averaged power output of WT taken from the SCADA data for the three different time periods. The figure shows good agreement of low and high wind speed trends in the power curve for both the simulation results and the SCADA data. Due to the differences in control strategy and control parameters, there are slight deviations in power output around the rated wind speed range. Although the degradation of gearbox efficiency will result in slight decrease of output power, the differences of two conditions is not obvious in the power curve. In the figure, the simulated power curves for the two different gearbox conditions nearly overlap, while the clustered SCADA data for the three time periods are not much different. Therefore, monitoring the WT power curve is not expected to be an effective approach for the detection of gearbox efficiency degradation.
Alternatively equations (7) to (10) can be used to calculate the equilibrium gearbox lubrication oil temperature for a given wind speed from which P is calculated from the power curve for use in equation (7). The resulting variation of gearbox oil temperature with wind speed is shown in Fig. 8 . It shows the simulation results and binned SCADA data. Oil temperature rise is defined as absolute oil temperature minus ambient temperature to exclude environmental impact. This can be explained from the thermophysics in Section 3 since lubrication oil temperature will rise above that for normal operating conditions due to extra losses reflected in the values of P 1 , P 2 , P 3 .
Compared to the power curve in Fig. 7 , the signature of gearbox efficiency degradation is much clearer in Fig. 8 . The simulation results match quite well with the SCADA data in 6-month and 3-month period before failure, which confirms the thermal model and loss mechanism of gearbox. Due to insufficient data for the period 9 months before failure, low quality of the data at this period makes its trend not agree well with simulation result. But the observation confirms that during this period the gearbox may have an even higher transmission efficiency which causes lower temperature rise of gearbox oil. A minor decrease in efficiency at wind speeds between 7 and 9m/s is observed in SCADA data from 6-months before failure. This is mainly due to the triggering of cooling system that affects P 2 in the equation (9) Even if the gearbox approaches failure, the linear relationship is maintained except it shifts upwards vertically, indicating a 2 to 5 o C temperature increases of the lubrication oil. From Fig 9, it is quite obvious that maximum gearbox oil temperature is limited by the cooling system. Once oil temperature rises over this limit, cooling system is initiated to remove any further losses in order to maintain temperature.
(2) Generator Case Study With equations (11) to (14), the generator stator winding temperature is calculated and plotted against power output as shown in Fig. 10 . SCADA data before and after the DFIG ventilation failure is divided into two groups (circular points and square points, respectively). For the model to simulate the generator stator winding temperature without ventilation failure, initial parameters of R th and C th are set as 0.0101 K/W and 19200Ws/K, respectively. In equation (13) , the stator winding resistance is set to 0.016 and its temperature coefficient is chosen as 0.0039 /K. By fitting the parameters of thermal resistance R th and thermal capacity C th in the DFIG thermal model with ventilation failure, simulation shows R th increasing to 0.0174K/W with C th maintaining the same value at 19200Ws/K. The variations in the model parameters R th suggest the significant change of heat transfer mechanism within the system. Due to the increase of the internal temperature of the DFIG, the stator winding resistance will increase with the temperature coefficient of 0.0039 /K for copper. This leads to a further increase in power loss. The increase of power loss and the variation of thermal resistance will lead to the increase of winding temperature rise. For an air-cooled generator, the failure of the ventilation system essentially leads to heat transfer inside the generator to change from forced convection to natural convection. The heat is more difficult to dissipate under this situation, which leads to the increase of convection resistance coefficient. And then the temperature rise is more significant in the generator, which is seen as an increase of standard deviation of the generator temperature signals. Root cause analysis found the ventilation system fails due to a fan motor failure. (15) The average voltage in equation 15 refers to temporal average. 5% overvoltage is set for three phases in the simulation in order to compare to the real data. SCADA data with 5% overvoltage for three phases are filtered and plotted in Fig. 11 . For the case of asymmetric voltage for the three phases please refer to [34] . is faulty, the gradient of the curve relating the stator winding temperature to output power increases.
However, when the stator supplied voltage has a 5% over-voltage, the gradient of stator winding temperature against power output is the same as for the healthy condition. However, the intercept of the curve increases sharply in the later case. These phenomena confirm the different thermal mechanisms are at work within generator. The voltage unbalance will have a direct impact on the generator power loss magnitude in the DFIG, while the ventilation failure leads to a variation of the thermal parameters. Table II summarizes the failure modes studied in this paper and the diagnostic rules applicable using SCADA data. Gearbox gear wear, teeth corrosion or pitting attributed to fatigue, and lubrication system failure or oil quality degradation can be monitored by oil temperature rise. Generator ventilation failure which may be due to fan motor failure of an air-cooled generator can be monitored through winding 1. The gearbox oil temperature rise is due to the degradation of gearbox efficiency while its magnitude is jointly determined by the power transmitted and the ambient temperature.
Discussion & Conclusion
2. The nonlinear relationship between gearbox oil temperature rise and wind speed/ output power is due to the efficiency nonlinearity and the efficiency degradation rate for the gearbox experiencing failure, meanwhile the oil temperature rise exhibits a linear relationship with ambient temperature.
3. Ventilation system failure of the generator essentially causes an increase of winding resistance, thermal resistance of LPN model, which subsequently results in an increasing gradient of the relationship between stator winding temperature and output power. The curve of winding temperature against output power shift vertically (with the same gradient). 4 . The DFIG stator winding under voltage unbalance experiences an increase in power loss which subsequently leads to an increase in winding temperature. The temperature increase due to voltage unbalance is not affected by the variable output power.
According to the failure features obtained, a fault detection algorithm can be integrated into the SCADA system to facilitate accurate failure detection which can deliver low cost condition monitoring and fault diagnosis.
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